Recent years have seen remarkable development in the application of rare metals as advanced materials, although the definition of rare metals is not scientific but qualitative and also industrial. Various kinds of rare metals are used in magnetic and electronic devices. Especially, rare earth metals are very important elements because they make various alloys and compounds with transition metals and chalcogens, resulting in a wide variety of magnetic and electrical properties. Furthermore, these properties are easily controlled by selection of constituent elements. In the last several years, several new materials have been developed. Especially prominent are Nd-Fe-B hard magnet and Y-Ba-Cu-O high Tc superconductor as used in magnetics and electronics.
The main purpose of this paper is to review the magnetic and electrical properties of the most recently developed materials in the selected fields in order to emphasize the importance of these rare earth metals.
FUNDAMENTAL PROPERTIES OF RARE EARTH METALS AND COMPOUNDS
Before the concrete explanation of materials, the fundamental magnetic properties of rare earth metals and compounds are briefly reviewed. The electronic structure of rare earth metals is normally given by (4f) n (5s) 2 (5p) 6 (5d)' (6s) 2 (1)
where η increases from 0 to 14 as the atomic number increases from 57 to 71. Because Y has a similar external electronic structure it is also included with the rare earth metals. Various alloys and compounds with rare earth metals and their specificTnagnetic properties are used as technical applications. In this section, we try to give an overview, because a complete review would not be possible even in a far longer article. Therefore, typical compounds such as R-Fe and R-Co will be discussed because these compounds are practically very important. The incomplete 4f shell has a close correlation with the magnetic properties of rare earth metals, similar to iron-group transition metals. It should be noted that the 4f shell of rare earth metals is enclosed by an outer electron shell composed of (5s) 2 (5p) 6 and 4f electrons, so that the orbital angular momentum is unquenched by the crystalline field of neighboring ions. The azimuthal quantum number of 4f electrons is 3, and these electrons have 7 orbits. Two electrons with + andspins occupy each orbit, and their lowest energy electronic state is defined by Hund's rule: 1. The spins should be arranged so as to take the maximum total spin angular momentum S.
2. The orbitals should be arranged so as to take the maximum orbital angular momentum L within the bounds of the above rule. Total angular momentum J is given by J = L -S (n < 7), (2) J = L + S(n §7)
where η is the number of 4f electrons. Because the 4f electrons are well localized in an inner core of earth atom in the ionic and metallic states, magnetic interactions among 4f electrons are mediated by conduction electrons such as 5d. Such an interaction is called the RKKY interaction, and is given by the following expression (oscillates in sign as a function of r/1/);
where ξ = 2kpr, Γ sf is the interaction between localized spins and conduction electrons, and δ is the charge of the ion core, EF and k F are the Fermi energy and wave vector, respectively. The magnetic transition temperature, Curie temperature T C or the Neel temperature TN, is correlated by the following expression;
where G is the exchange integral of the s-f interaction, η and g are the electron density and the Lande g-factor, respectively, J the total angular momentum quantum number and (g-l) 7 J (J+l^fis known as the de Gennes factor 12/. The transition temperature of these metals is too low for practical application. It is increased by addition of transition metals such as Fe and Co, and these compounds are very useful materials. Figure 1 shows the phase diagram of R-T (Τ: Mn, Fe, Co and Ni) intermetallic compounds /3/. The
The spin interaction between rare earth metal and transition metal is antiferromagnetic. Therefore, according to Hund's rule, the magnetic interaction of light rare earth metal and transition metal is ferromagnetic, and that between heavy rare earth metal and transition metal is antiferromagnetic (or ferrimagnetic). Figures 3(a) and (b) show the Curie temperature of various kinds of intermetallic compounds of R-Co and R-Fe, respectively /3/. In R-Co systems, the Curie temperature increases with increasing Co content, but in R-Fe systems, it decreases with Fe content, showing an opposite tendency. crystal structures of these compounds closely resemble the CaCus-type structure shown in Fig. 2 . Figure 2( Rare earth metals and their compounds have a very strong crystal field and exhibit a huge magnetic anisotropy, larger than that of transition metals and alloys by one or two orders of magnitude. Such large values originate from the orbital angular momentum due to a large anisotropic charge distribution of rare earth metals such as Dy, Tb and Ho. These characteristic properties are very important practically. On the other hand, the temperature coefficients of the residual magnetization B r and the intrinsic coercive The magnetic bubbles of amorphous alloys are mainly observed by the Kerr effect. However, at the present stage, the temperature characteristic is not as good and the coercive force is not as small as that of garnets. The bubble characteristics of three of these memory materials are presented in Table 3 . From these data, garnet The uniaxial anisotropy energy K u is given by
and it is shown in Fig. 8 
(c) Magneto-Optical Memories
There are several kinds of magnetic recording materials and magneto-optical memory is one of the optical memories, recording information by the temperature rise of the magnetic thin film due to the absorption of laser beams, and reproducing it by the Kerr or Faraday effect, whose memory density is one or two orders higher than the conventional magnetic memory /13/. The recording medium for high-density recording must have magnetization perpendicular to the film surface. The reasons for this are that little influence from opposite magnetic fields between neighboring bits allows high-density recording and that the polarization effect can be used to best advantage in optical reproduction /13/.
A condition for the magnetization to be perpendicular to the film surface is given by the following expression;
KU>2IMS
! or HK > 4π Ms (9) where Ku is the anisotropic constant in the direction perpendicular to the film surface, M s the saturation magnetization and Hk the anisotropic magnetic field.
When the noise in optical reproduction is the shot noise of detectors only, then S/N can be approximately expressed by the following relation; C/N = χ/ϊέΓ (10) where I is the reflected laser power and θ the magnetooptical relation angle, which decreases with increasing temperature and becomes zero at the Curie temperature. According to this expression, a high laser power improves C/N, but too high a power causes a decrease in θ and erases written information. Therefore, the upper limit of the laser power is restricted. Thus a high value of θ improves C/N.
In order to achieve high-capacity and high-density recording, there must be many small, stable magnetic domains. Where magnetization is perpendicular to the film surface, the diameter of the smallest magnetic domain existing in a stable state is obtained through the principle of bubble magnetic domains. The diameter of a magnetic domain d is given by /13/. d = σ co/2MsHc with d > t (ID where t is the film thickness and σ w the wall energy. Therefore, films having a large coercive force H c are desirable as the recording medium in order to obtain Vol. 8, No.
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small stable magnetic domains. For the Curie temperature recording and the compensation temperature recording, 100 -200 °C and near room temperature respectively, are suitable values in connection with the laser power and the crystallization temperature in the case of amorphous films /13/. Figure 9 shows the concentration dependence of the coercive force H c of Tb-Fe sputtered amorphous films /9/. The value of H c is large enough to use the magneto-optical recording medium in the concentration range from 20 to 25% Tb. The drastic increase is observed in the vicinity of 23%, where the Curie temperature T c coincides with the compensation temperature TCOmP. Other ferrimagnetic amorphous films exhibit a similar tendency. Table 4 represents the several kinds of amorphous films and their characteristics /13/. Many others satisfy Eq. 11, but the amorphous films tabled are considered most suitable for practical use because the plate material does not require rigid selection and a large-area plate can be used easily.
25
Tb (%) It is important to obtain a large C/N for excellent magneto-optical memory, and there have been many improvements in thin film structures. Usually, recording media are covered with a protective film because they consist of rare earth metals. The reflection rate of light for Tb-Fe amorphous alloys varies with the thickness of an SiO film, as shown in Fig. 10 /14 /. The Kerr rotation angle is maximum at the thickness for which the reflection rate becomes minimum. This phenomenon is called the Kerr effect enhancement and it is caused by the multiple reflection of light. As a result, C/N is remarkably improved /14/. Recently, a two-layer structure consisting of separate recording and reading layers has been proposed /15/. This structure has been developed for use where a film with a low Curie temperature is employed, in order to improve the recording characteristics. That is, the recording layer should consist of film with a low Curie temperature and large coercive force, while the reading layer should be a film with a high Curie temperature and large θ k. Such film will compose a magneto-optical medium capable of recording with low laser power and displaying excellent optical reproduction characteristics /13/. 
(d) Magnetostrictive Materials
The shape of ferromagnetic and ferrimagnetic materials deformed by applying the external magnetic field is called magnetostriction. It is considered that magnetostriction originates from spin-orbit interaction.
Magnetic anisotropy plays an important role in magnetostrictive materials. The heavy rare earth metals such as Tb and Dy display the largest magnetostriction. Below their ordering temperatures, the magnetically induced strains overwhelm the conventional thermal expansion of the crystal axes. Their large magnetostrictions are a direct consequence of the huge strain dependence of the magnetic anisotropy. J is a good quantum number in the heavy rave earth metals and the intrinsic magnetostriction for Tb and Dy are almost identical to each other, in agreement with Stevens' equivalent operator calculations /16/. The magnetostriction and anisotropy of these metals, however, are huge only at low temperatures because they possess ordering temperatures below room temperature y. In order to achieve highly magnetostrictive materials at room temperature, alloys of the type RxTi-x (R = Sm, Tb, Dy, Ho, Er, Tm and Τ = Ni, Co and Fe) have been extensively investigated /17/. In Fig. II , the magnetostrictions of some RFe 2 , RFe3 and ReFe2 3 compounds are plotted vs. applied magnetic field. Here λ =λ denotes the fractional change in length as an applied magnetic field is rotated from perpendicular to parallel to the measurement direction /17/. TbFe2 and SmFe2 have the largest values by far. In both of these compounds the rare earth ion is highly anisotropic (Sm and Tb are most prolate and oblate in form, respectively, and the rare earth-iron exchange is large, which keeps the rare earth sublattice magnetization nearly intact at room temperature, accompanying a relatively large magnetostriction at room temperature). Unlike the elements, where the magnetostriction of Tb and Dy is similar /17/, the magnetostriction of DyFe 2 is much smaller than that of TbFe2 and exhibits a slow increase with increase in the magnetic field. This is indicative of a very large magnetocrystalline anisotropy /17/. Because of their large magnetostriction the rare ^earth-Fe2 compounds are promising materials for high power transduction elements.
Furthermore, elastic properties are drastically modified by such large magnetostriction in connection with the Δ Ε effect; Δ Ε = E s -E d (E s = Young's modu-Vol. 8, No.
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lus in the saturate magnetic field; E d = Young's modulus in the demagnetized state). Usually this effect is associated with domain wall motion. In RFe2 compounds, however, elastic moduli continue to change far above technical saturation. Therefore, the main source of field dependence cannot be attributed to the domain wall motion, but to an intrinsic softening due to local atomic magnetoelastic interaction /17/. Figure 12 shows Young's modulus and the Δ Ε effect at room temperature for Tbo.3Dyo.7 Fe2 /17/. This compound exhibits a huge Δ Ε effect, which means the magnetoelastic coupling on sound velocity is extraordinarily strong. By controlling the applying magnetic field, i.e. Young's modulus, sound velocity is easily controlled. Therefore, it is useful for application as delay lines in the electromagnetic devices. 
(e) Magnetic Refrigerants
Cooling in the very low temperature ranges is very important and the concept of cooling by magnetic cycling was proposed at an early stage. The temperature change during the isentropic portion of a magnetic cooling cycle is described by the magnetocaloric effect"; where Τ is the temperature, CH the heat capacity at constant field, Μ the magnetization and Η the applied field. Conventionally, GGG (Gadolinium -Gallium Garnet, GdsGasOn) is used as the magnetic refrigerant at extremely low cryogenic temperatures. Recently there has been considerable interest in magnetic refrigeration at higher temperatures because of potential advantages which include thermodynamic efficiencies close to the Carnot efficiency /19/. Cooling by paramagnetic demagnetization is inadequate above cryogenic temperatures because the heat capacity of the working material is too large to permit a significant temperature change with the magnetic entropy absorbed during demagnetization /20/. In order to realize an appreciable temperature change, magnetic materials with a large magnetic entropy must be used at temperatures near which an applied field adequately changes the level of the magnetic entropy. Therefore, ferromagnetic materials with the Curie temperatures in the temperature range of the cooling cycle would become candidates of refrigerants. The change of magnetic entropy by applying external magnetic field is given by I Δ S m | = Nk In (2J+1) (13) where Ν and k are the Avogadro constant and the Boltzmann constant, respectively. In order to obtain a large magnetic entropy around the transition temperature, the magnetic refrigerants should contain the magnetic element with a large spin J. Table 6 shows the effective Bohr magnetons of 3d transition metal ions and rare earth metal ions / 21 /. The Bohr magneton of Figure 13 According to the WHH theory for the type II superconductor / 22/, Hc2 at 0 Κ is given by Hc2(0)=0.69Tc(dHc2/dT)T c (16) Therefore, high T c superconductors usually have a high value of H C 2(0). At present several thousand superconductors have been developed, but only 2 ~ 3, such as NbTi, NbsSn, and Nb3Ga, have been used for practical applications. Since strong magnetic fields are produced by using these materials, many applications have been considered. However, the superconductors mentioned above can be used at liquid helium temperature 4.2K because their T c is 23 K, at most. If higher T c materials are developed, expensive helium is not necessary, and higher strong magnetic fields are produced because H C 2 increases, as shown in Eq. 16.
From the BCS theory, the upper limit of T c has been predicted at 30 -40 Κ for simple metals. However, superconductivity in La-Ba-Cu-0 compounds of the K2NiF4-type has been demonstrated in 1986 / 23/. The T c of this compound is about 40 K. Since then, extensive searches for new materials with higher T c , and studies on the origin of high T c have been carried out. Consequently, YBa2Cu 3 07-x-type 3 layered perovskite compound has been confirmed as exhibiting dramatically high T c , i.e., about 90 Κ /24/. Several kinds of compounds with the same structure, RBa 2 Cu 3 07-x, also show the same character. The perovskite structure is shown in Fig. 15 . The cubic cell is composed of B(Pb, Bi, Cu, Ti) and Ο atoms and the body center site is occupied by an A atom such as Ba, La and Y. The oxygen atoms make an octahedron and its center is occupied by a Β atom. The structure of the YBa2Cu30? χ 3 layered structure is presented in Fig. 16 / 25/. There are many oxygen vacancies, particularly the plane of ζ = 1/2, which is occupied by no oxygen atoms. This structure represents the orthorhombic phase, and its lattice constant varies with the content of oxygen vacancy. The transition temperature T c is also easily affected by the oxygen content; that is, T c decreases with decreased oxygen content or with increased oxygen vacancies. The temperature dependence of electrical resistivity of several kinds of oxygen deficient RBa2Cu30?-x compounds is shown in Fig. 17 / 26 /. Usually, the critical transition temperature T c is drastically reduced by magnetic impurities due to the depairing of the Cooper pairs. However, as seen from Fig. 17 , T c of these oxide compounds is hardly affected by the magnetic element such as R (R: Dy, Gd )· Similar behavior is observed in YBa2Cu 3~p Ni p 07-x, as shown in Although the mechanism is not clear, from the extrapolation to 0 Κ by using Eq. 16, Hc 2 is estimated to be about 160 T, which is extremely high compared with that of conventional superconductors. However, 
